ANALIZA KOROZIONIH OŠTEĆENJA NA BOJLERU OD NERĐAJUĆEG ČELIKA AISI 304L Analizirana je pojava korozionih oštećenja u blizini zavarenog spoja na bojleru od nerđajućeg čelika AISI 304L. U toku zavarivanja došlo je do obrazovanja termičkog oksida (heat tint) u blizini zavarenog spoja na unutrašnjoj strani bojlera, zbog odsustva zaštitnog gasa tokom zavarivanja. Usled postojanja zazora u zavarenom spoju i prisustva heat tint-a došlo je do pojave tačkaste korozije, što je prouzrokovalo proboj zida bojlera i curenje. Predloženo je nekoliko postupaka za sprečavanje pojave lokalizovanih vidova korozije (tačkasta i korozija u zazorima) u blizini zavarenog spoja na bojleru. Ključne reči: nerđajući čelici, zavarivanje, termički oksid (heat tint), korozija
INTRODUCTION
During welding of stainless steels, temperatures above 300 °C are reached, and as a consequence, a thermal oxide, also known as a heat tint or weld discoloration, is formed on the surface adjacent to the weld. The thickness of the oxide layer next to the weld depends on the temperature, heating time, and oxygen concentration in the shielding gas. This heat tinted zone has a lower corrosion resistance compared to the parent metal and it is more susceptible to local corrosion attack [1] [2] [3] [4] .
Formation of a chromium rich layer, thicker than a passive layer and with a configuration more like scaling, leads to chromium depletion in the layer beneath the oxide (heat tint). Corrosion attack on the oxide surface and in the chromium depleted layer may initiate pitting or crevice corrosion at conditions where the stainless steel would normally be resistant [3, 4] .
The most common types of corrosion in stainless steels and their welded joints are pitting, crevice corrosion, stress-corrosion cracking (SCC) and intergranular corrosion [5] [6] [7] [8] .
Pitting corrosion is highly localized corrosion attack in the form of corrosion holes (pits). The pits are formed on the places of destruction of protecttive film on stainless steels surface. If the film is damaged mechanically or chemically, it can be renewed or pitting corrosion process will occur. In the presence of halide ions, especially Clions, pits formation usually takes place [9, 10] . With increasing temperature tendency of stainless steels to pits formation increases. Formation of the stabile pits will not occur if the temperature is lower than some critical value, which is called the critical pitting temperature.
In the case of welded joints, pits are often formed due to a specific microstructure of the welded joints. Pits are easier to form in places of metallurgical heterogeneity. For example, chromium-depleted areas in the austenitic stainless steels heated to a temperature at which sensitization occurs, are susceptible to pitting. Pits can also be formed at interfaces austenite-ferrite in stainless steels welds. Probability of pit formation in the weld metal is high, due to the micro segregations in the dendrite structure. Additional materials with better resistance to pitting corrosion than a base metal are produced today [5, 6] .
Crevice corrosion most often occurs in places of constructive elements contact, when they form a crevice (usually 0.1 mm). This type of corrosion is caused by differential aeration. In areas with higher concentration of oxygen, cathodic reaction takes place, while in places with lower concentration, anodic reaction occurs. Thus, due to the difficult access of oxygen, the metal within the crevice rapidly dissolves. Also, because of hydrolysis of metal ions in the crevice, the acidic environment is formed, which further accelerates metal dissolution. This type of corrosion undergoes to similar laws as pitting corrosion. If the conductivity of electrolyte is high and the cathodic surface of metal outside the crevice is large, the rate of metal dissolution in the crevice is greater [11] .
Physical and mechanical defects in the welding joints, such as micro cracks, hot and cold cracks, gaps of incomplete penetration, are places where the electrolyte remains. On these places crevice corrosion can take place, particularly in environments containing chloride ions. Stainless steels with higher chromium, and especially molybdenum content, are much more resistant to this type of corrosion [5, 6] .
Stress corrosion cracking (SCC) is a process which occurs when the necessary electrochemical, mechanical and metallurgical conditions exist. SCC usually takes place by influence of specific ions that are present in corrosion environment. Chloride ions cause cracking of aluminium alloys and stainless steels. SCC usually starts at the surface defects, formed during mechanical processing, welding, etc. Also, it can start at the surface defects created during the process of corrosion, such as pitting, intergranular corrosion, etc. [12, 13] .
Welded joints may be susceptible to SCC in a specific corrosion environment, because they are often exposed to residual or externally imposed stress, of relatively high level. Residual stresses are most important factor for initiation and propagation of stress-corrosion crack. Welding parameters affect the magnitude and distribution of internal residual stresses, which are proportional to the heat input and the size of the weld. The post weld heat treatment can reduce the formation of stress-corrosion cracks during exploitation, because of redistribution and reduction of internal tensile stress in the welded joints. Welded joints are favourable places for the stress-corrosion cracks formation, because of heterogeneous microstructure. Senzibilised 18Cr-8Ni austenitic stainless steels are prone to intergranular stress corrosion cracking [14] .
Intergranular corrosion most commonly occurs in austenitic stainless steels. At high temperatures (T > 1030°C) chromium carbides are completely dissolved. However, due to the slow cooling or annealing in the temperature range of 420 to 820 °C, chromium carbides are precipitated on the grain boundaries. The rate of diffusion of chromium in austenite is low at these temperatures. As a result, grain boundary areas become impoverished in chromium. If the chromium content is reduced below 12 %, which is necessary for the maintenance of the protective passive film, grain boundary areas become sensitized and prone to intergranular corrosion. In the corrosive environment, this area dissolves faster than other grain regions [5, 6] .
The aim of this work is examination of heat tint influence, formed during welding of the boiler of stainless steel AISI 304L, on the appearance of localised forms of corrosion, such as pitting and crevice corrosion. The water in boiler contains relatively low concentration of chlorides and other corrosive agents. During exploitation the localised corrosion caused the perforation of the boiler and the water leakage.
MATERIAL AND TEST METHODS

Material and welding procedure
Boiler was made of stainless steel AISI 304L. Boiler welding was performed by MIG procedures (filler metal AWS ER308LSi). Longitudinal weld was performed applying shielding gas on both (root and face) side of the weld, while circumferential weld was performed applying shielding gas only on the face side.
Test methods
The appearance of corrosion damages on the boiler was shown using the appropriate photographs of the characteristic places.
Metallographic examinations
The metallographic test was carried out on the cross section of the pipe samples. The test was performed by using Carl Zeiss microscope with Neophot 30 camera.
Scanning electron microscopy (SEM)
SEM/EDS analysis was performed using the scanning electron microscope JEOL JSM-6610LV coupled with INCA350 energy-dispersive analytic unit. The qualitative Electron Probe Micro Analysis (EPMA) was applied.
RESULTS
Nominal and actual chemical composition of the base metal and the filler metal are given in table 1. The outer side of the boiler with longitudinal and circumferential weld is shown in Fig. 1a . The welding was performed in the shielding gas (formier gas). The position of the boiler perforation is presented in Fig. 1b . The leakage of the water in this place was significant.
The appearance of the inner side of the boiler with the circumferential welded joint is shown in Fig. 2a and 2b . The welding was performed without the shielding gas. The presence of the crevice near the heat tint can be seen. The two oval heat tinted surfaces near the circumferential welded joint are shown ( Fig. 2a ). All heat tinted surfaces were corroded. Intensive corrosion processes in the crevices resulted in the perforation of the boiler during exploitation (Fig. 2b and 3) . 
Figure 2 -General appearance of the inner surface of the boiler, a) heat tinted zones, b) corrosion damages near the welded joint
Microstructural examination of the base metal has revealed that the microstructure is austenitic, with twins of austenite ( Fig. 4a and b) . The microstructure is regular, without imperfections (inclusions and impurities). Grain size index was shown to be 6, according to ISO 643: 2003, at magnification x100. 
DISCUSSION
The thickness of the heat tint cannot be measured directly. However, the thickness and the corrosion resistance of the heat tint layer can be approximately determined according to the heat tint colour. Tinting at the root side of a weld is a criterion for the assessment of the weld acceptability. A yellow tint is admissible at the root side, but at the weld face a blue tint is admissible too. Up to a thickness of 20 nm the oxide (heat tint) shows a metallic shine. An increased thickness results in changes of heat tint colours ranging from yellow, brown, blue to black ones.
Heat tint levels from hardly visible to significant scale formations are illustrated by colour photos and ranged from A to G (Fig. 5 ). Requirement specified as acceptable heat tint level is usually level B-C. A heat tint of straw yellow (level C) usually indicates the limit between unaffected properties of austenitic stainless steels and a more or less pronounced loss of resistance toward pitting and crevice corrosion.
Stainless steel AISI 304L is not prone to pitting and crevice corrosion if the chloride content in water and water temperature do not exceed the critical levels (Fig. 6) .
Heat tint in the root of circumferential welded joint on the inner side of boiler was formed because the welding was performed without the shielding gas. Heat tint on the outer side of boiler was not formed because the shielding gas was used during welding. The longitudinal welded joint was also formed in the shielding gas (root and the face side of the weld) and the heat tint was not formed. [16] Corrosion processes occurred in the circumferential welded joint and oval heat tinted surfaces near the circumferential welded joint, because of heat tint formation in the inner side of the boiler. On the oval heat tinted surfaces general corrosion occurred with uniform thinning of the metal. The appearance of the local forms of corrosion was not noticed.
During designing of the boiler the crevice was formed in the region of the circumferential welded joint (Figs. 2 and 3 ). In the presence of the crevice and the heat tint in this region the stainless steel AISI 304L corroded during exploitation. The formation and propagation of pits inside the crevice resulted in perforation of the boiler wall near the circumferential welded joint.
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CONCLUSIONS
The corrosion damage in the boiler of AISI 304L stainless steel was analysed. It was shown that heat tint was formed near the circumferential weld joint on the inner side of the boiler. Corrosion resistance of the heat tinted zone is lower compared to the base metal. Due to the presence of heat tint and crevice in the welded joint, pitting corrosion occurred which caused the perforation and leakage of the boiler.
The following procedures can be proposed to prevent local forms of corrosion in the boiler of the stainless steel AISI 304L:
Designing of the boiler without crevices.
Welding should be performed in the shielding gas to prevent formation of the heat tinted zones.
If formed, heat tint should be removed according to the standard ASTM A380.
Replacement of the stainless steel AISI 304L with the stainless steel AISI 316/316L which contains 2-3 % Mo, because this stainless steel is far more resistant to pitting and crevice corrosion.
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